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Abstract
The Swedish 1-m Solar Telescope (SST) offers excellent imaging quality, but it has
a comparatively small field of view. This means that while observing the solar
photosphere, there has been no convenient way of calibrating the image scale of the
telescope. Other telescopes, such as NASA’s Solar Dynamics Observatory (SDO)
utilize their larger Field of View (FOV) to use the solar disk as a reference in order
to measure the image scale.
In the past, the image scale of the SST has been determined by measuring the
distance between the moons of Jupiter in a captured SST image and comparing it
to reference values, as well as with the Venus transit of 2004. Both of these methods
have their drawbacks, including needing to open the telescope at night or waiting for
the very rare occurrence of a solar transit, which the telescope may not even be in
a position to observe. Additionally, assessing the accuracy of these methods can be
difficult. The purpose of this thesis is to examine the feasibility of an idea proposed
by the faculty of the Institute for Solar Physics at Stockholm University, that would
allow us to routinely calibrate the image scale of the SST when desired and with
known accuracy of the measurement, without the need to open the telescope at
night.
The measurements performed so far are consistent with the old value to about
one third of a percent, with a total uncertainty of the SST/CRISP image scale of
. 0.1%. Resulting in a grid spacing of the pinhole array of 5.′′15, which can be used
to determine the image scale of all the remaining science cameras of the SST.
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1 Introduction
The Island of La Palma in the Canary Islands is home to the Swedish 1-m Solar
Telescope (SST). Which, with its unrivaled resolution for a ground-based solar
telescope has become the worlds premiere source for high-resolution observations of
the solar photosphere and chromosphere.
The goal of the SST mission is to answer questions concerning such phenom-
ena as solar magnetic fields, formation of stellar spectra and the dynamics of the
upper solar atmosphere. However, despite the excellent resolution of the telescope
and its ability to observe and photograph solar details with much greater fidelity
than previously possible, there is a problem: the telescope has a very narrow Field
of View (FOV) compared to the solar disc, which means we need some other ref-
erence when calibrating the image scale of the telescope. In the past, the image
scale has been determined by observing the Venus disc during solar transits, as well
as measuring the distance between the moons of Jupiter, whose orbits are known
with high accuracy. Both methods do however have their drawbacks; Taking im-
ages of Jupiter’s moons require night-time operations, which is undesirable and can
also be dangerous to the personnel on site, while using the transit method require
observations to be made during specific events and as such the interval between cal-
ibrations is limited to when these transits occur. Additionally, when observing the
Venus transit, there is an added complication in form of Venus atmosphere; in that
the atmosphere, when viewed from a distance, makes it difficult to determine the
true diameter of the planet, which directly influences the accuracy of the discerned
image scale. To this end, the goal for this thesis is to investigate the feasibility of
an idea proposed the faculty of the Institute for Solar Physics, AlbaNova University
Center, Stockholm, Sweden, which would allow the image scale of the SST to be
calibrated routinely, while still retaining, or perhaps even surpassing the accuracy
of the transit method.
The idea is to use continuum images of high-contrast structures on the photosphere
of the Sun, taken by the SST and then compare these with images taken by the
Helioseismic and Magnetic Imager (HMI) instrument of the Solar Dynamics Obser-
vatory (SDO) at approximately the same time. Since the HMI has a well determined
image scale, this would allow one to use imaging techniques in order to minimize
the intensity difference between the two images over these structures, so that they
might be fitted in a least-square sense. It should be noted that technically this
does not provide a direct measure for the image scale of the SST as a whole. What
it does provide is the image scale in the specific camera used (of which there are
several). During observations, images are taken with every science-camera of a so-
called pinhole-array that is located at the focus present after the light leaves the
telescope tube. These holes are distributed with regular distances from each other
and serve as an unchanging reference. This is necessary as the image scale in a
certain camera may change if the setup on the optical table is altered even slightly.
And since the different cameras have varying image scales because of the different
pixel-sizes and optics. By instead measuring the distance in pixels between the
pinholes for the same camera and same occasion as the images used in determining
the SST image scale, it is possible to convert the distance between the holes to arc
seconds and thereby determine the image scale for every camera simultaneously.
4
1.1 The 1-m Swedish Solar Telescope
Figure 1: The tower supporting the Swedish 1-m Solar Telescope on LaPalma.2
A. Details of the box holding the field mirror and field lens.
B. The Schupmann corrector with one lens and one mirror.
C. The re-imaging optics, located on the optical table and consisting of a tip-tilt mirror,
adaptive optics and a re-imaging lens.
The Swedish 1-m Solar Telescope (figure 1) went live on March 2, 2002, and is the
successor to the 47.5 cm Swedish Vacuum Solar Telescope, that was retired on the
28th of august, 2000. Located at the same position, at Roque de los Muchachos
Observatory, La Palma, Spain. The SST has a clear aperture of 98 cm, more than
double that of its predecessor, making it one of the largest optical solar telescope
in the World. The SST is run and operated by the Institute for Solar Physics,
associated with the Department of Astronomy at Stockholm University.
All ground-based telescopes and observatories have one thing in common: they
must all contend with imaging errors, in the form of seeing (blurring caused by
distortions and turbulence) that arises in the Earth’s atmosphere. But with solar
telescopes, there are added problems associated with the immense heat coming from
the Sun. These problems manifest themselves, for example, through local seeing.
Local seeing is pretty much the same effect as regular seeing, only it happens because
the Sun heats up the ground and surrounding area of the telescope. This causes
’heat waves’ to rise and fluctuate in front of the lens, which can further compound
the imaging errors due to deformation of the wavefront. Furthermore, the air inside
of the telescope tube is also subject to heating, which causes more turbulence and
degrades the resolution.
The SST counteracts the latter effect by utilizing a vacuum-telescope design,
thereby resolving many of the problems due to heating of the apparatus. The
2Image credit: The Institute for Solar Physics
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telescope is also unique in that it was the first solar telescope designed for use
with adaptive optics (upgraded in April, 2013). An adaptive optics system has a
deformable mirror that can correct for optical aberrations and atmospheric wave-
fronts. In the case of the SST, the mirror is able to adjust for the blurring caused by
the Earth’s atmosphere up to 2000 times per second. Such a system means you can
get away with using fewer optical surfaces (mirrors, lenses), which always reduces
the intensity a bit and may introduce refractive errors.
These two factors, together with the fact that the SST uses a single 1-meter
diameter glass lens to seal off the vacuum, instead of a flat vacuum window, as some
others have done previously (e.g. Dunn Solar Telescope, Sacramento Peak, New
Mexico), ensures excellent image quality. Furthermore, though the typical method
of operation is to use filters to isolate narrow wavelength bands, whenever the need
arises to observe in broader wavelengths, the image quality may begin to suffer
because of chromatic aberrations (distortion caused because the lens have different
refractive indexes for different wavelengths, hence different focal points). The SST
adjusts for this by employing a so-called Schupmann corrector (see schematic in
figure 1), which redirects the light and effectively puts the different wavelengths
into a single focus (Scharmer et al., 2003). This feature also comes in handy when
utilizing the onboard spectograph and while changing wavelengths for narrow-band
cameras, as it does away with the need to adjust the focus.
1.2 The Transit Method
Figure 2: Left: Venus transition across the Sun. Right: Jupiter with Ganymede and Io 4
As mentioned, the previous measurement of the SST image scale was performed
using the transit method. This entails measuring the relative size of an object
transitioning in front of another at some zoom-factor of the telescope. The mea-
surements are then traced back to a so-called pinhole array (figure 3) that is placed
at the prime focus of the SST at each day before the data collecting begins. Sub-
sequently, the pinhole array may be used as an unchanging reference with which to
calibrate the cameras, since the distance between the holes are static.
4Image credit: The Institute for Solar Physics
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The transit method was most recently employed during the Venus transit of 2004,
and gave the currently used image scale of 0.0592 arcsec/pixel in the CRISP camera.
The huge drawback of this method, other than the difficulties associated with the
atmosphere of Venus and difficulties in assessing the accuracy in the measurements,
are that Venus transits are very rare. In fact, other than the Venus transit that
took place in June 2012 (which was not even visible from La Palma!), the next will
not occur until the year 2117 (García Muñoz and Mills, 2012).
Figure 3: An image capture of the pinhole array at the primary focus of the SST which
is used as a fixed reference point to determine the image scale of the science cameras. 6
1.3 The Solar Dynamics Observatory
The SDO is a NASA/Goddard Space Flight Center mission launched on February
11, 2010, and is orbiting the Earth in a geosynchronous orbit. The system itself
includes three instruments: the Helioseismic and Magnetic Imager (HMI), the At-
mospheric Imaging Assembly (ATA) as well as the Extreme Ultraviolet Variablity
Experiment (EVE). Unless otherwise cited, all information regarding the SDO comes
from (Schou et al., 2012)
1.3.1 The Helioseismic and Magnetic Imager
The instrument that will be of interest for this thesis, is the Helioseismic and Mag-
netic Imager (see figure 5), which provides full-disk solar imaging at the Fe I 6173Å
line, using a 14.0 cm aperture with an optical resolution that is better than 1 arcsec-
ond. It is designed to study oscillations and the magnetic field at the photosphere.
6Image credit: The Institute for Solar Physics
7Image credit: NASA - Goddard Space Flight Center.
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Figure 4: The Solar Dynamics Observatory. 7
Figure 5: The HMI Instrument 7
1.3.2 The HMI image scale
Knowing the image scale of the HMI and the limitations associated with its de-
termination is important since this will be the basis for the resulting SST image
scale calculations. The way the image scale is calculated for the HMI instrument is
through the image geometry. More specifically, the limb of the Sun is measured as
a function of wavelength to obtain the continuum value R. From this you get the
image scale CDELTX = Robs/R, where Robs = arcsin (Rref/Dobs). In this context,
CDELTX is the variable image scale of the HMI present in the header file of each
image, corrected for fluctuations in temperature (which influences the instrumen-
8
tation) and variations in the distance to the Sun, caused by movement of both the
Earth and the SDO in their orbits.
Explanation of notations:
R (solar radius in pixels)
Robs (solar radius in arcsec)
Rref (assumed solar radius in m)
Dobs (distance to the sun in m)
Technically, this does not give the image scale at the disk center, but rather the
mean image scale from center to limb. Though the error is negligible compared to
the uncertainty of R and Rref(Schou, 2013).
A problem is what value to use for Rref . As of February, 2013 the value used
by the HMI-team was 696Mm, with a resulting (slightly varying) image scale of
∼ 0.505 arcsec/pixel. But this value for Rref is still a matter of some contro-
versy, and others have gotten different values, ex. 695.5080(256)Mm (Brown and
Christensen-Dalsgaard, 1998). Comparing the numbers cited we see that the dif-
ference is roughly 0.07%. Implying, if we ignore the arcsine because of the small
angle, that CDELTX = Rref/ (RDobs), which should then have about the same rel-
ative errors as Rref . Suffice to say, it is the value that has the inherently largest
uncertainty associated with it, and these errors are carried over to the image scale
determination of the HMI, when using the method suggested in this project. Which
is something to keep in mind.
The good news is that as this value is further refined by the HMI team, so too
will the value of subsequent fittings be improved, since the current HMI image scale
is present in the headers of the image files provided.
1.4 Programming
The bulk of the work done during this project has been in the form of writing
code in the Interactive Data Language (IDL), for the purpose of automating the
image scale determination process, so that future calibrations will be as effortless
as possible. This includes, but is not restricted, to writing the actual code needed
and adapting functions written in other languages (such as ANA) into IDL. Several
library routines were also used, including some developed at the Institute for Solar
Physics.
During the course of the project, there were some changes to the initial plan as
far as writing the actual code was concerned. It quickly became apparent that the
least-squares method MPFIT was prone to getting stuck at local minima during
the optimization process, when provided with initial guesses for an optimal fit that
were too (but in the authors opinion, not unreasonably) far off. Which led to
the examination of other possibilities. The solution that was settled upon was
incorporating a grid-matching method as an initial fit to improve upon the guess
before letting MPFIT do the final adjustments, thereby avoiding that pitfall and as
a result ensuring more leeway in the initial parameter guess provided by the user
before initializing the program.
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2 Methods
In order to determine an image scale for the SST, a series of photographs depicting
active regions (high-contrast structures) of the photosphere, spanning some time-
interval (about 20 minutes in this case, divided over 40 image pairs) are compared
between SST and HMI images of the same FOV. These images are then fitted as
closely as possible using least-square methods by optimizing the four parameters:
position (x,y), rotation and the zoom factor needed.
To achieve this, an IDL program was written, with the purpose of loading rele-
vant SST and HMI images, recording the time and date that the images were taken
and then minimize the time differential between each image. With the 30-second ca-
dence of the SST and 45-second cadence of the HMI, this gives time matches better
than 22.5 seconds (average of 12.3 s for the current run) in time. The time-matched
images are then loaded as square matrices, where each element in the matrix repre-
sents the intensity of a pixel in the FOV. By minimizing the difference in intensity
between each image pair a resulting zoom-factor is obtained. Thus, by dividing the
HMI image scale by this zoom-factor, you arrive at an calculated image scale of
the SST. Following this procedure for all the matched image pairs and taking the
mean gives the resulting value of the SST image scale, while the standard deviation
of all pairs provides an uncertainty (not including any uncertainty added by the
determination of the HMI image scale).
There are of course some difficulties with matching an HMI image to an SST image.
The first and most obvious being that the image scale, FOV and resolution of the
two instruments are very different (see figure 6).
Figure 6: Images taken by the SST and HMI before any image processing. The red square
in the HMI image roughly corresponds to the area visible in the FOV of the SST. Not
including any any rotations that need to be made for the observed features to line up.
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2.1 Preparations
To resolve these problems, the HMI image is centered on the same area visible
in the SST image, but using a wider FOV to allow for corrections to subsequent
parameter adjustments while still maintaining an image with a bare minimum of
distortions caused by interpolation methods. This image is then used as a base for
all succeeding image-processing.
At this point, the HMI base and SST image shares roughly the same positioning
and rotation. But there is still the problem of the significant difference in resolution
between the two instruments, which causes the zoomed-in HMI image to be very
blurry in comparison to the higher resolution of the SST. To counteract this, the
SST image is run through an IDL routine that degrades an image taken with a
larger aperture telescope into the resolution of a smaller aperture telescope, taking
into consideration any existing difference in observed wavelength.
With the SST image degraded, the image pair should now be quite similar.
Although, there is still one more thing that can be done before a fair comparison
between them can be performed. This final step is to normalize the images, so that
areas of similar contrast actually correspond in intensity over the images. This is
accomplished by subtracting the mean value of the image and dividing it by the
standard deviation. i.e.
IDL> sst_im_norm = (sst_im - mean(sst_im))/stdev(sst_im)
IDL> hmi_im_norm = (hmi_im - mean(hmi_im))/stdev(hmi_im)
A comparison between the resulting images can be seen in figure 7.
Figure 7: On the left: the SST image, after being degraded & normalized to roughly the
same resolution as the HMI image. On the right: the HMI image of the cropped area
contained within the red square in figure 6, before the fitting process has begun.
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2.2 The Fitting Process
With all the preparations out of the way, the fitting process may finally commence.
This is accomplished in two stages. Firstly, using a grid method called gridmatch8
(originally implemented in the ANA programming language by Dr Richard Shine
at the Lockheed Martin Solar and Astrophysics Laboratory (Shine et al., 1994))
as a rough preliminary fit and secondly through use of the non-linear least-squares
fitting function MPFIT (Markwardt, 2009) for the final fine-tuning of the fitting
parameters.
The grid method is a more coarse method than MPFIT for finding a fit between
two images but it has the benefit of not being as prone to optimize the fit towards a
local minimum rather than the global. This is beneficial as it provides more leeway in
terms of the restriction on how closely the initial guess parameters must correspond
to the actual values. When gridmatch has returned the improved parameters, the
two resulting images should be very similar and MPFIT uses these parameters as
an initial guess for its least-square fitting process, in order to refine the parameters
at sub-pixel level accuracy.
2.2.1 Grid Matching Method
What this method does, is in principle to split the image that you are performing
operations on (HMI) into a grid, containing several sub-images and then try to fit
these sub-images onto corresponding areas on the reference (SST) image, by aligning
the two images in terms of translations for every sub-image, while still allowing for
some overlap for optimization. The routine then accumulates all these results from
the various sub-images and returns the parameters (translation, rotation and zoom)
that best correspond.
For the purposes of this project, gridmatch was set up so that the HMI image
was split into 2x2 sub-images, which were matched for a best-fit, allowing for a large
overlap. The process is then iterated upon, but now the image is instead divided
up into 4x4 sub-images. However this time with tighter restriction on the allowed
overlap, as the fit should already be improved. This goes on progressively to a
maximum of 16x16, or 256 sub-images (arbitrary limit set after experimentation
with various image-pairs).
2.2.2 MPFIT
At this stage the parameters determined by the grid matching method, which should
be very good, are passed on as an initial guess to MPFIT. And the function may
proceed to optimize the fit even further by performing the Levenberg-Marquardt
algorithm, also known as the damped least-squares method, in order to minimize
the difference in intensity between the two images. Until a final, best-fit value for
all parameters has been determined. Though, at this point the only parameter of
any real interest is, of course, the zoom-factor. As this allows one to determine the
image scale simply by dividing the HMI image scale by the determined zoom-factor.
The resulting best-fit comparison can be seen in figure 8.
8http://ana.lmsal.com
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Figure 8: On the left: the SST image, degraded and normalized. On the right: the HMI
image after the fitting process has been completed.
2.3 Accuracy of Fitting Processes
As previously mentioned, the uncertainty of the fit is simply determined by means
of the standard deviation across all used image-pairs (i.e. 40 for now).
How accurately MPFIT is able to optimize the zoom-factor is of course of great
concern when considering that a fit between HMI and SST will never be perfect.
The telescopes are after all quite different and degrading the SST image to a lower
resolution and using interpolation methods on the HMI image will always serve to
impede how well a fitting can be performed. These factors directly influence just how
carefully the zoom-factor can be optimized during the MPFIT process. Therefore,
it is important to convince oneself that MPFIT actually is capable of optimizing
the chi-square minimum to within the standard deviation if this uncertainty is to
be taken seriously and the method to be considered viable.
For this purpose, a routine was written which recreates image pairs from the fitting
process and slightly varies only the zoom-factor as to provide data-points which may
be used to examine whether a well behaved minimum is achievable within the un-
certainty specified. Additionally, when viewing images illustrating the difference in
intensity between the HMI and SST image fittings, there should be a clear tendency
towards a more homogeneous surface after the gridmatch and MPFIT processes, as
compared to before the optimization functions began.
Figure 9 illustrates a three-way comparison of the difference in intensity between
the the HMI and SST images before the fitting process has begun (but using the
initial guess provided by the user), the difference after the gridmatch process has
been completed and finally after the MPFIT adjustments.
The black and white features visible in the initial comparison highlights high-
contrast areas of the two separate images that are not aligned correctly; hence
causing deformations of areas with higher and lower intensity. The white spots
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Figure 9: Difference between an HMI and SST images during the fitting process. Leftmost
image: before the fitting process has begun. Middle image: after the gridmatch process.
Rightmost image: after the MPFIT process has completed.
are areas of high intensity and the black of lower. The fitting process adjusts
the relative position between the images in order to merges these areas together,
resulting in a grey-scaled image, that ideally would be completely homogeneous. In
reality, some variations will always be present to some extent as the images are not
taken at exactly the same instant and because of the great difference in resolution
and relative positions of the telescopes. Even though the resolution difference is
minimized through the degradation process of the SST image, this process is not
perfect and as such some variations are to be expected. All in all, the final fits are
definitely adequate for our needs.
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3 A More Detailed Description of the Program
A rough breakdown of how the program works:
First, the user provides the desired SST and HMI images taken during the same
time interval in sub-folders within the program catalog. Secondly, because the FOV
of the SST and HMI are very different, the program needs an initial parameter guess
as to how the HMI image should be manipulated in order to roughly correspond to
the FOV of the SST image (there is some room for error here, although the closer
the initial parameters are, the better. Such an parameter guess is only needed for
the very first, i.e. the earliest, image-pair of the current set). The fitting process
may commence after modifying the user-input file and providing:
• Initial coordinates (x,y), zoom-factor and rotational angle.
• the currently best known value of the SST image scale.
• the observed wavelength of the SST camera (the HMI wavelength is read from
the header file).
The program then:
1. Loads the images into arrays, where the value of each array cell corresponds
to the intensity in a single pixel. The time- stamps of the images are also read
from the file-names and image headers, whereby the program matches the SST
and HMI images in pairs which have the shortest time differential between
them. Unless there are gaps in the HMI images provided, the cadence of the
images should ensure that the time differential between them never exceeds
22.5 seconds. Should this limit be exceeded, a warning is displayed.
2. Begins an iterative process over the image series provided, where a cutout
(hmi_base) is made from the HMI image. Using the provided initial guess
parameters the HMI image is zoomed to approximately SST image scale, but
with a generous overhead in the FOV. This cutout serves as a reference im-
age towards which parameter changes may be applied, including rotational
changes. When these changes are done, the image can be cut to the same
FOV as that of the SST image without introducing imaging errors at the
borders.
3. Degrades the SST image to the resolution of the hmi_base image, as described
in chapter 2.
4. Runs the gridmatch subroutine, which divides the HMI image into a grid pat-
tern containing sub-images that are individually fitted against corresponding
areas on the SST image and determines the mean change needed in transla-
tion, rotation and zoom-factor in order to achieve a better fit than the initial
guess parameters that were provided by the user.
5. Passes the improved parameters on to the MPFIT subroutine, which then
fine-tunes the parameters at a sub-pixel level to the best-fit values. These
are considered as good as it gets, and the final zoom-factor derived is used to
calculate the image scale of the SST image in this particular pair. This value
is saved in a list that progressively fills up as the image pairs are processed.
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When the program has finished with one image pair the resulting best-fit pa-
rameters are sent on to the next image-pairs as a new initial guess (corrected for
the trend of changes between previous image pairs when enough of them have been
processed), which eliminates the need for user input on subsequent image pairs and
speeds up the process since this new guess already is very close to optimal. When
all of the provided image pairs have been processed, a final image scale is calculated
from the mean. Which is displayed along with the standard deviation of the set and
saved to a file. Giving the resulting image scale of the SST camera used.
16
4 Results
4.1 Calculated Image Scale
Processing 40 pairs of SST/CRISP and SDO/HMI images of AR1589, collected near
the disk center on 2012-10-15 between 09:30 and 09:50 resulted in a calculated image
scale of 0.058994± 4.5× 10−5 arcsec/pixel. Below is an excerpt from the program
output.
Finished: 40 image pairs
---------------------------------------------
FINAL RESULTS FROM ALL IMAGES:
resulting SST arcsec per pix: 0.058993879
factor (new/old): 0.99651822
change from previous value: -0.00020612141
Standard deviation from mean: 4.5488712e-05
Maximum deviation from mean: 0.00013081031
Minimum deviation from mean: 3.7977090e-07
----------------------------------------------
In comparison to the value used since 2004 of 0.0592 arcsec/pixel, this constitutes
a revision of the image scale of the SST/CRISP camera by ∼ 0.35%. More specific
data, including the calculated image scale for each separate pair, is available in
table 2, which shows the time difference between the HMI and SST image as well
as the calculated image scale and change from the previous value in milliarcsecond
(mas)/pixel for each of the forty image pairs.
Since the fitting process employed to achieve the final image scale was done using
two separate methods; the gridmatching method as a coarse means of improving
the initial guess and MPFIT to fine-tune the parameters obtained through the grid-
matching, it may be instructive to examine just how much these methods actually
differ in accuracy. Calculating the image scale and uncertainty by the mean and
standard deviation of the distribution, while using the respective zoom-parameters
of gridmatch and MPFIT gave the results shown in table 1.
Method image scale (mas/pixel) uncertainty (%)
V. Transit 59.2± n/a n/a
Gridmatch 59.00± 0.61 0.01034
MPFIT 58.994± 0.045 0.00077
Table 1: SST/CRISP image scales (in milliarcsec (mas)/pixel) calculated using the Venus
transit as well as only through use of the gridmatch method and with the improved image
scale determined through MPFIT including uncertainties.
Table 1 shows that while both methods are functional and do arrive at a similar
image scale; the uncertainty achieved through gridmatch is larger than the uncer-
tainty of MPFIT by more than a factor of 13. Giving credence to using MPFIT to
fine-tune the parameters. note: all SST measurements were performed through the
5576Å CRISP prefilter.
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Table 2: Timestamps with resulting values and changes for the calculations of each image
pair. Note: all photographs were taken on the 15th of October, 2012.
index SST image HMI image ∆t image scale new/old change
timestamp timestamp (sec) (mas/pixel) (mas/pixel)
0 09:30:24 09:30:45 21 59.03163 0.99716 −0.00017
1 09:30:53 09:30:45 8 59.01287 0.99684 −0.00019
2 09:31:23 09:31:30 7 59.02214 0.99700 −0.00018
3 09:31:53 09:32:15 22 58.99497 0.99654 −0.00021
4 09:32:23 09:32:15 8 59.00866 0.99677 −0.00019
5 09:32:53 09:33:00 7 59.02839 0.99710 −0.00017
6 09:33:23 09:33:45 22 58.96074 0.99596 −0.00024
7 09:33:52 09:33:45 7 59.01839 0.99693 −0.00018
8 09:34:22 09:34:30 8 58.97428 0.99619 −0.00023
9 09:34:52 09:34:30 22 58.95655 0.99589 −0.00024
10 09:35:22 09:35:15 7 59.00175 0.99665 −0.00020
11 09:35:52 09:36:00 8 58.87797 0.99456 −0.00032
12 09:36:22 09:36:00 22 58.89781 0.99490 −0.00030
13 09:36:51 09:36:45 6 59.10221 0.99835 −0.00010
14 09:37:21 09:37:30 9 58.97470 0.99619 −0.00023
15 09:37:51 09:37:30 21 58.99599 0.99655 −0.00020
16 09:38:21 09:38:15 6 58.94181 0.99564 −0.00026
17 09:38:51 09:39:00 9 58.99271 0.99650 −0.00021
18 09:39:21 09:39:00 21 58.95898 0.99593 −0.00024
19 09:39:51 09:39:45 6 58.99600 0.99655 −0.00020
20 09:40:21 09:40:30 9 59.02209 0.99699 −0.00018
21 09:40:51 09:40:30 21 58.98419 0.99635 −0.00022
22 09:41:21 09:41:15 6 58.97353 0.99617 −0.00023
23 09:41:51 09:42:00 9 59.02195 0.99699 −0.00018
24 09:42:21 09:42:00 21 58.92789 0.99540 −0.00027
25 09:42:51 09:42:45 6 58.98710 0.99640 −0.00021
26 09:43:21 09:43:30 9 59.00748 0.99675 −0.00019
27 09:43:51 09:43:30 21 58.99350 0.99651 −0.00021
28 09:44:21 09:44:15 6 59.12469 0.99873 −0.00008
29 09:44:51 09:45:00 9 58.97522 0.99620 −0.00022
30 09:45:21 09:45:00 21 58.94966 0.99577 −0.00025
31 09:45:51 09:45:45 6 59.03442 0.99720 −0.00017
32 09:46:21 09:46:30 9 58.97185 0.99615 −0.00023
33 09:46:51 09:46:30 21 58.98279 0.99633 −0.00022
34 09:47:21 09:47:15 6 58.96922 0.99610 −0.00023
35 09:47:50 09:48:00 10 58.98497 0.99637 −0.00022
36 09:48:20 09:48:00 20 59.03450 0.99720 −0.00017
37 09:48:50 09:48:45 5 59.04133 0.99732 −0.00016
38 09:49:20 09:49:30 10 58.98776 0.99641 −0.00021
39 09:49:50 09:49:30 20 59.03244 0.99717 −0.00017
mean: 12.3 58.994± 4.5× 10−2 0.99652 −0.00021
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4.2 Final Uncertainty
The uncertainty obtained through the standard deviation of the distribution is of
course only a part of the total uncertainty, as it merely takes into consideration how
the image scale varies from image pair to image pair. To find the total uncertainty
we must also account for the uncertainty that is associated with the SDO/HMI
calculations, which as previously stated, are dependent upon on their estimate of
the solar radius (Rref).
The standard deviation of the distribution (4.5×10−5) corresponds to ∼ 0.077%
of the central value, while the uncertainty of the image scale in the SDO/HMI images
used as references varies between 0.008% in the best-case, or 0.07% in the worst-
case, depending on how well their estimates of Rref matches reality. Best-case in
this context is in reference to a radius of 695 945 km, which they calculated through
the Venus transit (Schou, 2013). Worst case is in reference to a radius of 695 508 km
(Brown and Christensen-Dalsgaard, 1998) compared to the currently used value of
Rref = 696 000 km. By quadratically adding the standard deviation of the SST with
the worst-case, we arrive at a final combined uncertainty in the SST image scale of
. 0.1%.
Figure 10 shows the well shaped χ2 minimum for one image pair, which serves to
demonstrate that the optimization is unlikely to get stuck in local minima and that
there actually is a minimum to optimize the zoom-factor (hence the scale factor)
towards within the given uncertainty. The best-fit image scale is shown as the
red vertical line. While the old image scale, that was determined during the 2004
Venus transit, is shown as a blue vertical line. The green and dark green lines
correspond to the uncertainties associated with the best- and worse case estimates
of the solar radius (Schou, 2013), while the histogram illustrates the approximate
normal distribution of the SST image scale throughout the 40 image pairs.
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5 Discussion and Conclusion
Review: This method is based of the following procedure. Loading relevant SST &
HMI images and then degrading the SST image into a similar resolution as that of
the HMI. When these images are of similar resolution, the images may be compared
to one another by means of minimizing the least square of the pixel intensity between
them. The amount of zoom required in going from the original FOV of the HMI to
the same FOV as that of the SST can then be used to calculate the image scale of
the SST camera, since the image scale of the HMI is fairly well determined.
As it turns out, the largest uncertainty is the one associated with the standard
deviation of the distribution of image pairs. This uncertainty will of course vary
somewhat in future determinations, since no image pair is the other like, though it
should remain relatively close to the current deviation of ∼ 0.077% of the central
value. However, with a larger sample of images the uncertainty may conceivably
go down. This does not mean that the uncertainty associated with the SDO/HMI
image scale is negligible in comparison. On the contrary, it is similar in percentage
to the central value of the HMI image scale (∼ 0.505 arcsec/pixel), namely ∼ 0.07%.
These adds up to a combined uncertainty of approximately 0.1% of the central value
of the SST image scale. The good news is that as the value of solar radius Rref is
further refined, the uncertainty of the HMI image scale will go down, and with it
the uncertainty in the SST image scale.
Using this method, the scale factor of the SST/CRISP camera has been calcu-
lated to be 0.05899±6×10−5. Which confirms that the method is viable and fulfills
the initial goal of having a method to routinely measure the image scale without the
need for the telescope to be opened at night. This value will also serve as a reference
value in order to calculate a corresponding grid spacing of the pinhole array, which
in turn gives the ability to determine the image scale for any future observations in
all of the science-cameras.
In conclusion: This work has validated this idea as a suitable replacement to the
transit method and means we have revised the image scale of the CRISP camera
by about 0.35% to the new value of: 0.05899 ± 6 × 10−5. Corresponding to a grid
spacing of the pinhole array of 5.′′15.
The results of this work have also been presented as an e-poster during the 1st
SOLARNET - 3rd EAST/ATST meeting in Oslo, Norway (Norén and Löfdahl,
2013). Please note: Some improvements to the degradation process means that the
values have been slightly changed since.
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